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(57) ABSTRACT

Cells including a first electrode layer, a photoelectric conver-
sion layer, and a second electrode layer on a translucent
substrate are connected. Between adjacent cells, a first sepa-
rating groove separates the first electrode layer, a second
separating groove separates the second electrode layer, and a
connecting groove electrically connects the second electrode
layer of a cell and the first electrode layer of the other. A
reflective film is provided on the second electrode layer hav-
ing a transparent conductive film and a metal film stacked in
this order on the photoelectric conversion layer and at least
the metal film is patterned into lines. The metal film is pat-
terned into lines with a same width within the connecting
groove and is connected to the first electrode layer of the
adjacent cell. The reflective film is provided in the connecting
groove where the metal film is not formed and in the second
separating groove.
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1
THIN-FILM SOLAR BATTERY AND
MANUFACTURING METHOD THEREOF

FIELD

The present invention relates to a thin-film solar battery
and a manufacturing method thereof.

BACKGROUND

Anintegrated thin-film solar battery is generally formed by
stacking a surface electrode layer made of a transparent con-
ductive film, a photoelectric conversion layer made of a crys-
talline or amorphous semiconductor layer, and a back-surface
electrode layer made of a metal thin film that serves as a
reflector in this order on a translucent insulating substrate
such as a glass substrate, which is a light receiving surface. In
this type of thin-film solar battery, when the photoelectric
conversion layer is made thin, its light conversion amount is
decreased. Therefore, light is diffused by utilizing a surface
electrode layer on an incident side and a back-surface elec-
trode layer to increase an optical path length in the photoelec-
tric conversion layer in order to increase the light conversion
amount.

In relation to the thin-film solar battery having the above
structure, there has been proposed a thin-film solar battery
having a structure in which only a transparent conductive film
is used as a back-surface electrode layer without using any
metal thin film, and a highly-reflective white insulating layer
is arranged on a back side of the transparent conductive film
to achieve back-surface reflection having a high light diffu-
sion effect (see, for example, Patent Literature 1). There has
been further proposed a thin-film solar battery having a struc-
ture in which a transparent conductive film is formed on the
entire surface of a photoelectric conversion layer and a comb-
shaped metal electrode is arranged on the transparent conduc-
tive film to form a back-surface electrode layer, a translucent
insulating film is formed on the comb-shaped metal electrode,
and a back-surface reflective film is further formed on the
translucent insulating film (see, for example, Patent Litera-
ture 2).

CITATION LIST
Patent Literatures

Patent Literature 1: International Publication No. WO
2005/076370

Patent Literature 2: Japanese Patent Application Laid-open
No. H8-51229

SUMMARY
Technical Problem

In Patent Literature 2 mentioned above, a back-surface
reflective film is formed of a metal film on a comb-shaped
metal electrode through a translucent insulating film. How-
ever, there is a problem in that the metal film causes specular
reflection and therefore is not very effective in dispersing
light and increasing the optical path length. In Patent Litera-
tures 1 and 2, adjacent cells (photoelectric conversion
devices) are connected by a transparent conductive film that
constitutes a back-surface electrode layer, and therefore the
transparent conductive film on the back surface has to be
made thick in order to reduce a connection resistance. How-
ever, there is also a problem in that thickening of the trans-
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2

parent conductive film causes absorption of light reflected
from the back surface to be great.

The present invention has been achieved to solve the above
problems, and an object of the present invention is to provide
a thin-film solar battery that can reflect light passing through
to a back-surface side of a photoelectric conversion layer back
to the photoelectric conversion layer to appropriately convert
the light into electricity and can maintain a connection resis-
tance between adjacent cells low, and a manufacturing
method of the thin-film solar battery.

Solution to Problem

There is provided a thin-film solar battery according to an
aspect of the present invention in which a cell including a first
electrode layer made of a transparent conductive material, a
photoelectric conversion layer made of a semiconductor
material, and a second electrode layer made of a conductive
material is formed on a translucent substrate, and a plurality
of'the cells are connected in series, wherein the thin-film solar
battery further includes, between adjacent cells of the plural-
ity of the cells, a first electrode layer separating groove that
separates the first electrode layer between adjacent cells, a
second electrode layer separating groove that separates the
second electrode layer between adjacent cells, and a cell
connecting groove that is provided between the first electrode
layer separating groove and the second electrode layer sepa-
rating groove, and electrically connects the second electrode
layer of one cell of the adjacent cells and the first electrode
layer of the other cell, and includes a reflective film made of
a white insulating layer on the second electrode layer, the
second electrode layer has a structure in which a transparent
conductive film and a metal film are stacked in this order on
the photoelectric conversion layer and at least the metal film
is patterned into lines, the metal film is patterned into lines
with a same line width within the connecting groove and is
connected to the first electrode layer of the adjacent cell, and
the reflective film is provided in an area of the connecting
groove where the metal film is not formed and in the second
electrode layer separating groove.

Advantageous Effects of Invention

According to the present invention, a second electrode
layer on a photoelectric conversion layer is constituted by a
stacked film including a transparent conductive film and a
metal film, at least the metal film is patterned into lines, and a
reflective film made of a white insulating layer is provided on
the second electrode layer. Therefore, light absorption by the
second electrode layer can be substantially reduced. Further-
more, due to diffusion and reflection of the light by the white
insulating layer among the second electrode layer patterned
into lines, light absorption loss in a layer that exists between
the white insulating layer and the photoelectric conversion
layer can be reduced, when light once having passed through
the photoelectric conversion layer is caused to return to the
photoelectric conversion layer. Further, because the white
insulating layer is filled not only on a back-surface side of the
photoelectric conversion layer but also in an area between
adjacent cells except for the metal film, it is possible to diffuse
and reflect light into the photoelectric conversion layer in
contrast to a conventional structure in which light passes
through to a side surface of the cell after entering the photo-
electric conversion layer. Accordingly, a light conversion
amount in the photoelectric conversion layer can be
increased. Furthermore, because adjacent cells are connected
by a metal film with linear structure, a connection resistance
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between cells can be kept lower as compared to a conven-
tional example in which adjacent cells are connected by a
transparent conductive film.

BRIEF DESCRIPTION OF DRAWINGS

FIG. 1 is a perspective view schematically depicting a
configuration of a thin-film solar battery according to a first
embodiment of the present invention.

FIG. 2 is an enlarged perspective view of a part of the
thin-film solar battery in FIG. 1.

FIG. 3 is a cross-sectional view taken along a line A-A in
FIG. 2.

FIG. 4-1 is a perspective view schematically depicting an
example of a manufacturing method of the thin-film solar
battery according to the first embodiment of the present
invention (part 1).

FIG. 4-2 is a perspective view schematically depicting an
example of the manufacturing method of the thin-film solar
battery according to the first embodiment of the present
invention (part 2).

FIG. 4-3 is a perspective view schematically depicting an
example of the manufacturing method of the thin-film solar
battery according to the first embodiment of the present
invention (part 3).

FIG. 5 is a perspective view schematically depicting
another example of the manufacturing method of the thin-film
solar battery according to the first embodiment of the present
invention.

FIG. 6 is a cross-sectional view schematically depicting an
example of a structure of a thin-film solar battery according to
a second embodiment of the present invention.

FIG. 7 depicts characteristics of thin-film solar batteries
according to Examples and a comparative example.

DESCRIPTION OF EMBODIMENTS

Embodiments of a thin-film solar battery and a manufac-
turing method thereof according to the present invention will
be explained below in detail with reference to the accompa-
nying drawings. The present invention is not limited to the
embodiments. Cross-sectional views of a thin-film solar bat-
tery, which are referred to in the following embodiments, are
schematic diagrams and therefore the relationship between a
layer thickness and a layer width, the thickness ratio between
layers, and the like shown in these cross-sectional views are
different from those used in practice.

First Embodiment

FIG. 1 is a perspective view schematically depicting a
configuration of a thin-film solar battery according to a first
embodiment of the present invention, FIG. 2 is an enlarged
perspective view of a part of the thin-film solar battery in FIG.
1, and FIG. 3 is a cross-sectional view taken along a line A-A
in FIG. 2. FIG. 2 is an enlarged diagram of a partially cut-
away portion C of the thin-film solar battery in FIG. 1.

In the thin-film solar battery according to the first embodi-
ment, a plurality of unit solar battery cells 10 that are photo-
electric conversion devices are connected in series and inte-
grated on a transparent insulating substrate 11. In this manner,
the entirety of the thin-film solar battery functions as a thin-
film solar battery module. Although not shown in FIG. 1,
current extracting units that extract currents to outside are
provided at both ends of the unit solar battery cells 10 that are
connected in series. The unit solar battery cells 10 are sepa-
rated from each other and the unit solar battery cell 10 and the
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4

current extracting unit are separated from each other by scribe
lines 20, which serve as grooves. Adjacent scribe lines 20 are
arranged substantially in parallel to each other.

The unit solar battery cells 10 are formed by separating a
stacked body, including a surface electrode layer 12, a pho-
toelectric conversion layer 13, and a back-surface electrode
layer 14 that are stacked in this order on the transparent
insulating substrate 11, by the scribe lines 20 provided at
predetermined positions. A white insulating layer 17 that is a
reflective layer is provided on the back-surface electrode
layer 14.

The transparent insulating substrate 11 is made of an insu-
lating material with high transparency, and is not particularly
limited as long as each thin film can be deposited thereon. For
example, a glass material with a high optical transmittance
such as a white glass or a translucent organic film material
such as polyimide can be used. In addition, the surface elec-
trode layer 12 can be a transparent conductive film with
optical transmission properties, and a transparent conductive
oxide material such as stannous oxide (Sn0O,), zinc oxide
(Zn0O), or indium tin oxide (hereinafter, “ITO”) can be used.
Furthermore, preferably, the surface electrode layer 12 has a
surface texture structure in which unevennesses are formed
on a surface. The texture structure has a function of diffusing
incident solar light to enhance light use efficiency in the
photoelectric conversion layer 13.

The photoelectric conversion layer 13 has a pn junction or
a pin junction, and is constituted by stacking one or more
thin-film semiconductor layers that generate electricity from
incident light. When the photoelectric conversion layer 13 is
made of a silicon-based thin film, an amorphous silicon thin
film or a microcrystal silicon thin film is used as the photo-
electric conversion layer 13. The amorphous silicon thin film
is a thin film containing silicon referred to as “hydrogenated
amorphous silicon” in which a dangling bond is usually ter-
minated by hydrogen. The microcrystal silicon thin film is a
thin film containing microcrystalline silicon partially con-
taining amorphous silicon. When the photoelectric conver-
sion layer 13 is constituted by stacking a plurality of thin-film
semiconductor layers, a plurality of different bandgap thin-
film semiconductor layers are stacked, and accordingly the
photoelectric conversion layer 13 can convert a wider spec-
trum of light into electricity highly efficiently.

When the photoelectric conversion layer 13 is constituted
by stacking a plurality of thin-film semiconductor layers, an
intermediate layer made of a conductive oxide material such
as Sn0,, ZnO, or ITO, or other materials can be inserted
between different thin-film semiconductor layers to improve
the electrical and optical connection between the different
thin-film semiconductor layers.

The back-surface electrode layer 14 has a linear structure
having a width of 10 micrometers to 1 millimeter on the
photoelectric conversion layer 13. In the examples in FIGS. 1
to 3, the back-surface electrode layer 14 is constituted by
arranging a plurality of fine lines that are made of a conduc-
tive material and that extend in a direction substantially per-
pendicular to the scribe line 20 on the photoelectric conver-
sion layer 13 at a predetermined interval in a direction in
which the scribe line 20 extends. For example, the back-
surface electrode layer 14 has a comb-shaped electrode struc-
ture which has an electrode width of 10 micrometers to 1
millimeter and is formed with a pitch of 10 micrometers to 1
millimeter. The back-surface electrode layer 14 is made of a
conductive material including a transparent conductive oxide
material such as SnO,, ZnO, or ITO on at least an interface
with the photoelectric conversion layer 13. In the first
embodiment, the back-surface electrode layer 14 has a struc-
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ture in which a transparent conductive film 15 made of SnO,,
Zn0, ITO, and the like and having a thickness of 10 to 1,000
nanometers and a metal film 16 having a thickness of 100 to
1,000 nanometers are stacked on the photoelectric conversion
layer 13.

The transparent conductive film 15 has a function as a
diffusion prevention film. That is, if the metal film 16 is
formed on the photoelectric conversion layer 13 in a directly
contacting manner, metal that constitutes the metal film 16 is
diffused into a silicon layer that constitutes the photoelectric
conversion layer 13, and accordingly photoelectric conver-
sion properties deteriorate. To prevent this, the transparent
conductive film 15 is provided between the photoelectric
conversion layer 13 and the metal film 16. Furthermore, the
metal film 16 is desirably made of a high-conductivity metal
material with high reflectivity to suppress reduction in reflec-
tivity caused by an electrode, and Ag can be used for the metal
film 16.

The white insulating layer 17 is formed with a thickness of
10 micrometers to 1 millimeter on the photoelectric conver-
sion layer 13 on which the back-surface electrode layer 14 is
formed. The white insulating layer 17 contains binder resin
and white pigment made of titanium oxide particles, barium
sulfate particles, and the like. As the binder resin, synthetic
resin can be used such as polyurethane-based resin, acrylic-
based resin, epoxy-based resin, vinyl-based resin, polyester-
based resin, polyamide-based resin, or rubber-based resin.

As shown in FIGS. 1 and 2, in practice, the scribe line 20
includes a first scribe line 21 that separates the surface elec-
trode layer 12, a second scribe line 22 that separates the
photoelectric conversion layer 13, and a third scribe line 23
that separates the photoelectric conversion layer 13 and the
back-surface electrode layer 14.

The first scribe line 21 is provided to separate the surface
electrode layer 12 between adjacent unit solar battery cells
10, and is embedded with the photoelectric conversion layer
13. The second scribe line 22 is provided to form a contact
that connects the back-surface electrode layer 14 to the sur-
face electrode layer 12 of the adjacent unit solar battery cell
10, and is embedded with the metal film 16 to be connected to
the surface electrode layer 12 exposed at a bottom of a posi-
tion where the back-surface electrode layer 14 is formed
within the second scribe line 22, while being embedded with
the white insulating layer 17 at other positions. That is, the
back-surface electrode layer 14 and the surface electrode
layer 12 between the adjacent unit solar battery cells 10 are
connected by the metal film 16, thereby providing a structure
in which the unit solar battery cells 10 are connected in series.
Furthermore, the third scribe line 23 is provided to separate
the photoelectric conversion layer 13 and the back-surface
electrode layer 14 between the adjacent unit solar battery
cells 10, and is embedded with the white insulating layer 17 to
electrically insulate the adjacent unit solar battery cells 10
from each other.

An outline of an operation of the thin-film solar battery
having the structure as described above is explained below.
When solar light enters from a back surface of the transparent
insulating substrate 11 (a surface on which the unit solar
battery cell 10 is not formed), a free carrier is generated in an
i-type semiconductor layer of the photoelectric conversion
layer 13. The free carrier generated as described above is
transported by a built-in electric field formed by a p-type
semiconductor layer and an n-type semiconductor layer of the
photoelectric conversion layer 13 to generate a current. The
current generated in each of the unit solar battery cells 10
passes through a connecting part 16a between the surface
electrode layer 12 and the back-surface electrode layer 14

10

15

20

25

30

35

40

45

50

55

60

65

6

within the second scribe line 22, and flows into the adjacent
unit solar battery cell 10, thereby generating a current for
generating electricity in the entirety of a thin-film solar bat-
tery module. Because the connecting part 16a is made of the
metal film 16, a connection resistance between the unit solar
battery cells 10 can be lower as compared to a case where the
connecting part 16« is made of a transparent conductive film.

At this time, a part of solar light having entered from the
back surface of the transparent insulating substrate 11 but not
converted into electricity passes through the photoelectric
conversion layer 13 and reaches the white insulating layer 17.
However, the part is diffused and reflected by the white insu-
lating layer 17 and then returned to the photoelectric conver-
sion layer 13. The white insulating layer 17 is filled not only
on a back-surface side of the photoelectric conversion layer
13, but also in an area within the second scribe line 22 except
for the metal film 16 and in the third scribe line 23. Therefore,
the white insulating layer 17 diffuses and reflects light into the
photoelectric conversion layer 13 in contrast to a conven-
tional structure in which light passes through to the scribe line
20 after having entered into the photoelectric conversion
layer 13. Accordingly, light having returned into the photo-
electric conversion layer 13 is converted into electricity by the
photoelectric conversion layer 13 as described above.

Next, a manufacturing method of a thin-film solar battery
having the above structure is explained. FIGS. 4-1 to 4-3 are
perspective views schematically depicting an example of a
manufacturing method of the thin-film solar battery accord-
ing to the first embodiment of the present invention. FIGS. 4-1
to 4-3 depict only a part of a thin-film solar battery.

As shown in FIG. 4-1(a), the transparent insulating sub-
strate 11 is prepared first. A transparent glass substrate is used
as the transparent insulating substrate 11, for example. Next,
as shown in FIG. 4-1(5), the surface electrode layer 12 is
formed on the transparent insulating substrate 11 by a film-
forming method such as a low-pressure chemical vapor depo-
sition (CVD) method or sputtering method. A layer contain-
ing a transparent conductive oxide material such as SnO,,
Zn0, or ITO can be used as the surface electrode layer 12, for
example. When the surface electrode layer 12 is formed by
the sputtering method, an upper surface of the surface elec-
trode layer 12 can be roughened by etching using dilute
hydrochloric acid and the like to form a fine uneven surface
structure that functions to confine incident light in the photo-
electric conversion layer 13. Furthermore, when the surface
electrode layer 12 is formed by the CVD method, a fine
uneven surface structure is formed on a surface of the trans-
parent conductive film 15 in a self-organized manner. There-
fore, it becomes unnecessary to perform a surface roughening
process by etching using dilute hydrochloric acid and the like.

Next, a laser beam is irradiated to a predetermined position
on the surface electrode layer 12 by a laser scribing method to
form the first scribe line 21. Patterning is performed to sepa-
rate the surface electrode layer 12 in the respective unit solar
battery cells 10. Patterning of the surface electrode layer 12
can be performed by using a combination of a photolithogra-
phy method and an etching method, mechanical machining,
and the like. Atthe time of forming the surface electrode layer
12 on the transparent insulating substrate 11, a metal mask, in
which openings are provided corresponding to positions
where the surface electrode layer 12 is formed on the trans-
parent insulating substrate 11, can be used to form the surface
electrode layer 12 separated into the respective unit solar
battery cells 10 on the transparent insulating substrate 11.

Next, as shown in FIG. 4-1(d), the photoelectric conversion
layer 13 is formed on the transparent insulating substrate 11
on which the surface electrode layer 12 is formed. The pho-
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toelectric conversion layer 13 is made of a thin-film semicon-
ductor layer in which the p-type semiconductor layer, the
i-type semiconductor layer, and the n-type semiconductor
layer are stacked in this order from a side of the transparent
insulating substrate 11, for example. The arrangement of the
p-type semiconductor layer and the n-type semiconductor
layer can be reversed, and the i-type semiconductor layer may
not be used according to the type of semiconductor. A plural-
ity of thin-film semiconductor layers different in bandgap can
be stacked to constitute the photoelectric conversion layer 13.
An amorphous silicon film or a microcrystal silicon film can
be used as the photoelectric conversion layer 13, for example,
and the photoelectric conversion layer 13 can be formed by a
film-forming method such as a plasma CVD method.

Thereafter, as shown in FIG. 4-2(a), the transparent con-
ductive film 15 that extends in a direction perpendicular to a
direction in which the first scribe line 21 extends and that is
arranged with a predetermined pitch in the extending direc-
tion of the first scribe line 21 is formed on the photoelectric
conversion layer 13 with, for example, a thickness of 10 to
1,000 nanometers. For example, a mask with an opening
pattern, in which openings extend in a direction perpendicular
to the extending direction of the first scribe line 21 and are
arranged with a predetermined pitch in the extending direc-
tion of the first scribe line 21, can be used to form a film made
of a transparent conductive oxide material such as SnO,,
Zn0, or ITO by a film-forming method such as the sputtering
method. Accordingly, the transparent conductive film 15 in a
comb shape extending in a direction perpendicular to the first
scribe line 21 is formed on the photoelectric conversion layer
13. The transparent conductive film 15 can have a width of 10
micrometers to 1 millimeter and the pitch between the lines of
the transparent conductive film 15 can be 10 micrometers to 1
millimeter. While the method of forming the comb-shaped
transparent conductive film 15 by the sputtering method using
mask patterning has been explained above, the low-pressure
CVD method using mask patterning and the like can be also
used. In addition, as the shape of the transparent conductive
film 15, a lattice shape, a honeycomb structure shape, and the
like can be also used other than a comb shape.

Next, as shown in FIG. 4-2(b), a laser beam is irradiated to
a predetermined position of the transparent conductive film
15 and the photoelectric conversion layer 13 by a laser scrib-
ing method to form the second scribe line 22. The second
scribe line 22 is formed in parallel to the first scribe line 21 at
a position that is different from the position where the first
scribe line 21 is formed.

Thereafter, as shown in FIG. 4-2(¢), the metal film 16 is
formed on the transparent conductive film 15 to form the
back-surface electrode layer 14 constituted by a stacked
structure including the transparent conductive film 15 and the
metal film 16. For example, the metal film 16 can be formed
on the transparent conductive film 15 by a film-forming
method such as the vapor deposition method by using a mask
with an opening pattern, in which openings extend in a direc-
tion perpendicular to the extending direction of the first scribe
line 21 and are arranged with the same pitch as that of the
transparent conductive film 15 in the extending direction of
the first scribe line 21. At this time, the metal film 16 is
embedded at a position where the second scribe line 22 and
the opening pattern of the mask intersect, so as to form the
connecting part 164 that connects the back-surface electrode
layer 14 and the surface electrode layer 12. A silver thin film
having a thickness of 100 to 1,000 nanometers can be used as
the metal film 16. As another method of stacking the metal
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8

film 16 on the transparent conductive film 15, a sputtering
method using mask patterning, a screen-printing method, and
the like can be also used.

Next, as shown in FIG. 4-3(a), a laser beam is irradiated to
a predetermined position of the photoelectric conversion
layer 13, the transparent conductive film 15, and the metal
film 16 by a laser scribing method to form the third scribe line
23. The third scribe line 23 is formed in parallel to the first and
second scribe lines 21 and 22 at a position different from the
positions where the first and second scribe lines 21 and 22 are
respectively formed. Accordingly, the back-surface electrode
layer 14 and the photoelectric conversion layer 13 between
adjacent unit solar battery cells 10 are electrically insulated.

As shown in FIG. 4-3(b), the white insulating layer 17 is
formed with a thickness of 10 to 1,000 micrometers on the
photoelectric conversion layer 13 on which the back-surface
electrode layer 14 is formed, by using a screen-printing
method, a spray coating method, and the like. Atthis time, the
white insulating layer 17 is embedded in an area of the second
scribe line 22 where the metal film 16 is not formed and in the
third scribe line 23. The white insulating layer 17 is made of
white pigment made of titanium oxide particles, barium sul-
fate particles, and the like and binder resin made of synthetic
resin such as polyurethane-based resin, acrylic-based resin,
epoxy-based resin, vinyl-based resin, polyester-based resin,
polyamide-based resin, or rubber-based resin. The thin-film
solar battery shown in FIGS. 1 to 3 is manufactured in the
manner as described above.

When a ZnO-based material capable of being easily etched
by using hydrochloric acid and the like is used for the trans-
parent conductive film 15, the thin-film solar battery can be
also manufactured by a method different from the above
manufacturing method. FIG. 5 is a perspective view sche-
matically depicting another example of the manufacturing
method of the thin-film solar battery according to the first
embodiment of the present invention. In the manufacturing
method shown in FIG. 5, processes up to FIG. 4-1(d) are
identical to those in the manufacturing method of FIGS. 4-1
(a) to 4-1(d), and thus explanations thereof will be omitted.

After the photoelectric conversion layer 13 is formed on
the transparent insulating substrate 11 as shown in FIG. 4-1
(d), the transparent conductive film 15 is formed on the entire
surface of the photoelectric conversion layer 13 as shown in
FIG. 5(a), and a laser beam is irradiated to a predetermined
position of the transparent conductive film 15 and the photo-
electric conversion layer 13 by a laser scribing method to
form the second scribe line 22. A ZnO-based film having a
thickness of 10 to 1,000 nanometers and capable of being
etched by using hydrochloric acid and the like can be used as
the transparent conductive film 15. The second scribe line 22
is formed substantially in parallel to the first scribe line 21 at
a position different from the position where the first scribe
line 21 is formed.

Next, as shown in FIG. 5(5), the metal film 16 is formed on
the transparent conductive film 15. The metal film 16 is pat-
terned into lines extending in a direction perpendicular to the
extending direction of the first scribe line 21 with a predeter-
mined pitch in the extending direction of the first scribe line
21. A material that is hardly dissolved in an etching solution
used at the time of a subsequent wet-etching process to the
transparent conductive film 15 is used as the metal film 16.
For example, a silver thin film having a thickness of 100 to
1,000 nanometers can be used as the metal film 16. As
described above, this metal film 16 with linear structure can
be formed by a film-forming method such as a vapor deposi-
tion method or a sputtering method using mask patterning, a
screen-printing method, and the like. The metal film 16 is
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embedded in the second scribe line 22 at a position where the
metal film 16 and the second scribe line 22 intersect, so as to
form the connecting part 164 that connects the back-surface
electrode layer 14 and the surface electrode layer 12.

Thereafter, as shown in FIG. 5(c), the metal film 16 with
linear structure is used as a mask to etch the transparent
conductive film 15 by wet etching. For example, hydrochloric
acid and the like can be used as an etching solution. As a
result, similarly to the metal film 16, the transparent conduc-
tive film 15 also has a linear structure. As a result, the back-
surface electrode layer 14 with stacked structure including the
transparent conductive film 15 and the metal film 16 both
having the linear structure is formed. At this time, although
the surface electrode layer 12 contacts the etching solution
through an area of the second scribe line 22 where the metal
film 16 is not in contact with (not formed), because SnO, or
ITO that is hardly dissolved in hydrochloric acid and the like
is used for the surface electrode layer 12, the surface electrode
layer 12 is not etched, and thus it is not influenced by the
etching solution. Furthermore, even in a case where ZnO is
used for the surface electrode layer 12, if the surface electrode
layer 12 is formed with a sufficient thickness with respect to
the transparent conductive film 15 on the back-surface side,
an influence of the etching solution on the surface electrode
layer 12 can be almost eliminated by adjusting an etching
time.

Thereafter, the thin-film solar battery shown in FIGS. 1 to
3 is manufactured according to the procedures shown in
FIGS. 4-3. By using the processes as described above, the
back-surface electrode layer 14 constituted by a stacked
structure including the transparent conductive film 15 and the
metal film 16 both having the linear structure can be produced
more easily as compared to the method shown in FIGS. 4-1 to
4-3.

According to the first embodiment, the unit solar battery
cells 10 (photoelectric conversion devices) are connected in
series by using the metal film 16 with fine linear structure for
the back-surface electrode layer 14 on the photoelectric con-
version layer 13 to maintain a series resistance low, while the
white insulating layer 17 is provided immediately above the
photoelectric conversion layer 13 except for the metal film 16
with fine linear structure. Therefore, when solar light enters a
layer above the photoelectric conversion layer 13, the layer is
the back-surface electrode layer 14 with fine linear structure,
and accordingly absorption of the solar light is suppressed
and light use efficiency is enhanced. Furthermore, the white
insulating layer 17 is filled not only on the back-surface side
of the photoelectric conversion layer 13, but also in an area
except for the connecting part 16a made of the metal film 16
embedded in the first and second scribe lines 21 and 22.
Therefore, in contrast to a conventional structure in which
light passes through to a side surface of the unit solar battery
cell 10 after entering the photoelectric conversion layer 13,
the white insulating layer 17 diffuses and reflects the light into
the photoelectric conversion layer 13, and accordingly the
light conversion amount in the photoelectric conversion layer
13 can be increased. As a result, a larger amount of solar light
returns to the photoelectric conversion layer 13 as compared
to the conventional structure, and accordingly photoelectric
conversion efficiency is enhanced.

Second Embodiment

FIG. 6 is a cross-sectional view schematically depicting an
example of a structure of a thin-film solar battery according to
a second embodiment of the present invention. In this
example, the back-surface electrode layer 14 has a stacked
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structure including a transparent conductive film 15A formed
with a thickness of 10 to 500 nanometers on the entire surface
of'the photoelectric conversion layer 13 and the metal film 16
with fine linear structure formed on the transparent conduc-
tive film 15A. The metal film 16 is provided to extend in a
direction perpendicular to the scribe lines 20 similarly to the
firstembodiment. The metal film 16 has a width of 10 to 1,000
micrometers and the pitch between the fine lines of the metal
film 16 is 100 micrometers to 10 millimeters. In this example,
when the thickness of the transparent conductive film 15A is
smaller than 10 nanometers, the transparent conductive film
15A cannot effectively suppress diffusion of the metal ele-
ment that constitutes the metal film 16 into the photoelectric
conversion layer 13. When the thickness of the transparent
conductive film 15A is larger than 500 nanometers, the
attenuation amount of solar light in the transparent conduc-
tive film 15A is almost at the same level as in a thin-film solar
battery having a conventional structure. Therefore, the thick-
ness of the transparent conductive film 15A is desirably
within the range mentioned above. The thickness of the trans-
parent conductive film 15A can be 10 to 300 nanometers to
further decrease the attenuation amount of solar light.

As described above, in the second embodiment, the trans-
parent conductive film 15A that constitutes the back-surface
electrode layer 14 is made thin and provided on the entire
surface of the photoelectric conversion layer 13, and the metal
film 16 with fine linear structure is provided on the transpar-
ent conductive film 15A to reduce the rate of solar light
absorbed in the transparent conductive film 15A.

In the second embodiment, constituent elements identical
to those of the first embodiment are denoted by like reference
signs and explanations thereof will be omitted. In addition,
the thin-film solar battery having the structure as described
above can be manufactured by the same method as in the first
embodiment except that the transparent conductive film 15A
that constitutes the back-surface electrode layer 14 is formed
on the entire surface of the photoelectric conversion layer 13.
Therefore, explanations of the manufacturing method will be
omitted.

Inthe second embodiment, the transparent conductive film
15A that constitutes the back-surface electrode layer 14 is
formed to be considerably thin. Therefore, effects identical to
those of a case when the white insulating layer 17 is provided
immediately above the photoelectric conversion layer 13 can
be achieved. Furthermore, the transparent conductive film
15A has a higher conductivity in a direction vertical to the
stacked direction as compared to the photoelectric conversion
layer 13. Therefore, a series resistance can be decreased with-
out the need for fine patterning as compared to the first
embodiment, in which the fine linear transparent conductive
film 15 is used directly on the photoelectric conversion layer
13. In addition, because the transparent conductive film 15A
does not need to be patterned into fine lines, the transparent
conductive film 15A can be easily formed.

Examples of the thin-film solar batteries according to the
embodiments of the present invention are described with a
comparative example.

<Structure>

The thin-film solar battery having the structure shown in
FIGS. 2 and 3 according to the first embodiment is used as a
thin-film solar battery of an Example 1. The thin-film solar
battery having the structure shown in FIG. 6 according to the
second embodiment is used as a thin-film solar battery of an
Example 2. A glass substrate is used as the transparent insu-
lating substrate 11. An Al-doped ZnO (hereinafter, “AZ0O”)
film having a thickness of 1 micrometer is used as the surface
electrode layer 12. A microcrystal silicon film having a thick-



US 9,293,618 B2

11

ness of 1 micrometer is used as the photoelectric conversion
layer 13. In the Example 1, an AZO film having a thickness of
90 nanometers is used as the transparent conductive film 15
that constitutes the back-surface electrode layer 14. In the
Example 2, an AZO film having a thickness of 300 nanom-
eters is used as the transparent conductive film 15A that
constitutes the back-surface electrode layer 14. In addition,
anAg film having a thickness 0 300 nanometers is used as the
metal film 16 that constitutes the back-surface electrode layer
14. A mixture of titanium oxide with acrylic-based binder
resin is used for the white insulating layer 17.

As a thin-film solar battery of the comparative example,
there is used the thin-film solar battery according to the first
embodiment shown in FIGS. 2 and 3, in which the back-
surface electrode layer 14 is made of only AZO of a transpar-
ent conductive film having a thickness of 1.5 micrometers (in
which the metal film 16 is not formed). Other elements in the
structure of the comparative example are the same as those in
the Example 1.

<Evaluation Method>

In the thin-film solar batteries produced as described
above, simulated solar light is irradiated from a side of the
transparent insulating substrate 11 by a solar simulator, and
current-voltage characteristics thereof are measured to deter-
mine a short-circuit current density, an open circuit voltage, a
fill factor, and conversion efficiency.

<Evaluation Result>

FIG. 7 depicts characteristics of thin-film solar batteries
according to the Examples and the comparative example.
While the short-circuit current in the thin-film solar battery of
the comparative example is 17.8 milliamperes, the short-
circuit currents in the thin-film solar batteries of the Examples
1 and 2 are 19.1 milliamperes and 18.3 milliamperes, respec-
tively, and are increased as compared to the comparative
example. The open circuit voltages in the Examples 1 and 2
have substantially no difference to the value (0.53 volt) of the
open circuit voltage in the comparative example. A fill factor
(FF) in the Example 1 is 0.698, which is slightly lower than
the value (0.725) in the comparative example. However, the
FF in the Example 2 is almost at the same level as the value in
the comparative example. In addition, the photoelectric con-
version efficiency in the Examples 1 and 2 is 6.93% and
6.98%, respectively, and each of which is increased as com-
pared to 6.84% in the comparative example.

As described above, in the thin-film solar battery of the
Example 1, the white insulating layer 17 is provided on the
photoelectric conversion layer 13 on which the back-surface
electrode layer 14 with fine linear structure is provided. Fur-
thermore, in the thin-film solar battery of the Example 2, the
transparent conductive film 15A is formed on the entire sur-
face of the photoelectric conversion layer 13, the metal film
16 with fine linear structure is provided on the photoelectric
conversion layer 13, and the white insulating layer 17 is
further provided on the metal film 16. Therefore, the optical
path length of incident solar light in the photoelectric conver-
sion layer 13 is increased, and accordingly the photoelectric
conversion efficiency can be enhanced as compared to the
comparative example.

INDUSTRIAL APPLICABILITY

As described above, the thin-film solar battery according to
the present invention is useful for solar batteries in which a
photoelectric conversion layer is made of a thin film.

REFERENCE SIGNS LIST

10 unit solar battery cell
11 transparent insulating substrate
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12 surface electrode layer

13 photoelectric conversion layer
14 back-surface electrode layer
15, 15A transparent conductive film
16 metal film

16a connecting part

17 white insulating layer

20 scribe line

21 first scribe line

22 second scribe line

23 third scribe line

The invention claimed is:

1. A thin-film solar battery comprising a plurality of cells,
wherein each cell includes a first electrode layer made of a
transparent conductive material, a photoelectric conversion
layer made of a semiconductor material, and a second elec-
trode layer made of a conductive material is formed on a
translucent substrate, and the plurality of the cells are con-
nected in series, wherein

the thin-film solar battery further comprises, between adja-

cent cells of the plurality of the cells,

a first electrode layer separating groove that separates the

first electrode layer between adjacent cells,

a second electrode layer separating groove that separates

the second electrode layer between adjacent cells, and
a cell connecting groove that is provided between the first
electrode layer separating groove and the second elec-
trode layer separating groove, and electrically connects
the second electrode layer of one cell of the adjacent
cells and the first electrode layer of the other cell, and

the thin-film solar battery further comprises a reflective
film made of a white insulating layer on the second
electrode layer,

wherein the second electrode layer has a structure in which

a transparent conductive film and a metal film are
stacked in this order on the photoelectric conversion
layer,

the metal film is patterned into lines which extend into the

connecting groove and are connected to the first elec-
trode layer of the adjacent cell, wherein the lines of the
metal film have a line width within the connecting
groove which is the same as a line width outside the
connecting groove, and

the reflective film is provided in an area of the connecting

groove where the metal film is not formed and in the
second electrode layer separating groove;

wherein the transparent conductive film is patterned into

lines along with the metal film and the reflective film is
formed directly on the photoelectric conversion layer in
an area of the photoelectric conversion layer where the
metal film is not formed.

2. The thin-film solar battery according to claim 1, wherein
the transparent conductive film has a thickness of 10 to 1,000
nanometers.

3. The thin-film solar battery according to claim 1, wherein
the transparent conductive film and the metal film of the
second electrode layer are patterned to have a width of 10 to
1,000 micrometers.

4. The thin-film solar battery according to claim 1, wherein

the transparent conductive film has a thickness of 10 to 500

nanometers.

5. The thin-film solar battery according to claim 1, wherein
the metal film is patterned to have a width of 10 to 1,000
micrometers.

6. The thin-film solar battery according to claim 1, wherein
the reflective film is made of white pigment and binder resin.
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7. A manufacturing method of a thin-film solar battery,

comprising:

a first step of forming a film made of a transparent conduc-
tive material on a translucent substrate and forming a
first separating groove that separates cells from each
other to form a first electrode layer of each of the cells;

a second step of forming a photoelectric conversion layer
including a thin-film semiconductor layer on the sub-
strate on which the first electrode layer is formed;

athird step of forming a transparent conductive film on the
photoelectric conversion layer;

a fourth step of, in parallel to the first separating groove,
forming a second separating groove that separates the
transparent conductive film and the photoelectric con-
version layer in the respective cells;

a fifth step of forming a metal film with linear structure on
the transparent conductive film and within the second
separating groove such that, at a position where the
second separating grove is formed, the metal film is
connected to the first electrode layer at a bottom of the
second separating groove;

a sixth step of forming a third separating groove that sepa-
rates the metal film, the transparent conductive film, and
the photoelectric conversion layer in the respective cells
in parallel to the first separating groove; and

a seventh step of forming a reflective film made of a white
insulating layer on the substrate on which the metal film
is formed so as to embed the second and third separating
grooves with the reflective film, wherein

at the fifth step, the transparent conductive film is patterned
into lines along with the metal film, the lines having a
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line width within the second separating groove which is
the same as a line width outside the second separating
groove, and

at the seventh step, the reflective film is formed directly on

the photoelectric conversion layer in an area of the pho-
toelectric conversion layer where the metal film is not
formed.

8. The manufacturing method of a thin-film solar battery
according to claim 7, wherein

at the third step, the transparent conductive film is formed

to extend, with a predetermined pitch in a second direc-
tion vertical to the first direction, and

at the fifth step, the metal film is formed so as to embed the

second separating groove with the metal film at a posi-
tion where the metal film and the second separating
groove intersect.

9. The manufacturing method of a thin-film solar battery
according to claim 7, wherein

at the third step, the transparent conductive film is formed

on an entire surface of the photoelectric conversion
layer, and

at the fifth step, the metal film that extends, with a prede-

termined pitch in a first direction in which the first sepa-
rating groove extends, in a second direction vertical to
the first direction is formed.

10. The manufacturing method of a thin-film solar battery
according to claim 9, wherein at the fifth step, a process of
etching the transparent conductive film by using the metal
film as a mask is further performed after forming the metal
film patterned into lines.
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